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• The Iberá rangeland showed overall 
net greening but also substantial local 
browning. 
• Rangeland greening is linked to land use, 
surface water changes, fire, and climate. 
• Fire tended to reduce the greening both 
in protected and unprotected areas. 
• Woody expansion driven by tree plan- 
tations occurred mainly in unprotected 
land. 
• Overall greening resulted from multiple 
trends has a negative impact on biodi- 
versity. 
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a b s t r a c t 
Land-surface greening has been reported globally over the past decades. While often seen to represent ecosystem 
recovery, the impacts on biodiversity and society can also be negative. Greening has been widely reported from 
rangelands, where drivers and processes are complex due to its high environmental heterogeneity and societal 
dynamics. Here, we assess the complexity behind greening and assess its links to various drivers in an iconic, 
heterogeneous rangeland area, the Iberá Wetlands and surroundings, in Argentina. Time-series satellite imagery 
over the past 19 years showed overall net greening, but also substantial local browning both in protected and 
unprotected areas, linking to land use, temporal changes in surface water, fire, and weather. We found substantial 
woody expansion mainly in the unprotected land, with 37% contributed by tree plantations and the remaining 
63% by spontaneous woody expansion, along with widespread transitions from terrestrial land to seasonal surface 
water. Fire occurrences tended to reduce greening with unprotected areas experiencing widespread and frequent 
fire. However, protected areas had more browning in unburnt areas than burned areas. Temporal variation in 
annual precipitation and temperature tended to nonlinearly influence fire occurrences with an interplay of human 
fire management, further shaping the vegetation greening, pointing to high complexity behind the observed 
rangeland greening involving interactions among local drivers. Our findings highlight that the observed overall 
greening is an outcome of multiple trends with clear negative impacts on biodiversity and the local livestock- 
oriented culture (notably expanding tree plantations) and spontaneous vegetation dynamics, partly involving 
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305 he latter has positive potential for biodiversity and ecosystem services in terms
come negative in such a natural savanna region if expansions develop on a too
ortance of ensuring recovery of natural fire and herbivory regimes in protected
eland management elsewhere. 
longside multiple ecosystem types and land uses. High variation in
omposition, productivity, and diversity across different scales make
any rangelands inherently heterogeneous ( Patten and Ellis, 1995 ;
uhlendorf and Smeins, 1999 ; Fuhlendorf and Engle, 2001 ). The high
eterogeneity of rangelands makes it complicated to identify the driv-
ng mechanisms behind greening pattern in rangelands. Notably, the
omplex interplay between climate, land use, and fire are not well un-
erstood, making it more difficult to design future management. 
Apart from the management of rangelands for livestock production,
angelands support a range of other uses, hereunder uses that convert
angelands to other land cover categories, e.g., cropland ( Tsegaye et al.,
010 ; Li et al., 2020a ). A rising threat to rangelands comes from af-
orestation, where tree plantations are being established in rangeland
reas for commercial wood production or various perceived ecosystem
ervices such as erosion control or climate mitigation. For instance,
bout 3.5 million km 2 grass-dominated areas in Africa have been tar-
eted to restore forest landscapes by 2030 ( www.bonnchallenge.org ).
idespread planting of exotic eucalypt and pine monocultures in savan-
as occurs in many regions, e.g. Brazil, Colombia, Nigeria, and Congo
 Fernandes et al., 2016 ). Such afforestation is highly negative for range-
and biodiversity, and the ecosystem services provided are often ques-
ionable ( Veldman et al., 2015 ; Fernandes et al., 2016 ; Bond et al., 2019 ;
agan, 2020 ). 
In summary, landscapes in the real world are heterogeneous, result-
ng in potentially high complexity behind general greening trends in
lobal and local ecosystem contexts. Understanding this complexity is
entral to assessing the implications, notably the extent to which green-
ng represents ecosystem recovery or, rather, increased human-driven
ressures and loss of semi-natural habitats. To address this issue, we use
atellite imagery from the past 19 years (2000—2018) to quantify the
ate of greenness change and relate the preceding greening trends with
he up-to-date land cover status and multiple anthropogenic and cli-
atic factors in the Iberá Wetland region (hereafter, Iberá) in Argentina.
berá offers an excellent model for studying this complexity due to its
igh heterogeneous environments and land uses. We ask the following
pecific questions: 1) Is Iberá greening like many other rangelands across
he world? 2) What are the underlying land cover transitions? 3) How
re these dynamics related to potential drivers – inter-annual weather
ariation, fire regimes, dam construction, afforestation, and natural ar-
as’ recovery through declining land-use intensity and expansion of pro-
ected areas? Notably, we hypothesized that the vegetation greening in
berá includes a major component driven by expanding tree plantations
nd also is affected by hydrological dynamics linked to hydrological ef-
ects of the Yacyretá Dam, i.e., human-driven environmental changes
ith problematic consequences for biodiversity and ecosystem services
n the region. We furthermore expect that greening trends will be modu-
ated by inter-annual weather variation and fire regimes, as is typically
een in rangelands ( Durigan and Ratter, 2016 ; Beckage et al., 2019 ),
nd differing degrees of conservation protection, with increased green-
ng under reduced drought stress, reduced fire, and increased protection.
) What are the implications for interpreting global greening trends and
or rangeland management? 
. Materials and Methods 
.1. Study site 
The Iberá Wetlands and surroundings in Corrientes in northern Ar-
entina ( Fig. 2 ) represents a typically complex rangeland landscape. Thespontaneous woody expansi
of woodland recovery, but c
broad scale, highlighting th
. Introduction 
Global land surface greening has been observed by long-term remote
ensing satellites over the past four decades, indicating statistically sig-
ificant increases in greening leaves over time ( Macias-Fauria et al.,
012 ; Zhu et al., 2016 ; Chen et al., 2019 ; Myers-Smith et al., 2020 ;
iao et al., 2020 ). Such greening areas occupied about one-third of
lobal vegetated areas by the year 2017 ( Chen et al., 2019 ). A large
roportion of the global greening is contributed by tree plantations and
ropland from China and India, highlighting the important role of hu-
an land-use practices (i.e., fertilization, irrigation, forestry, and graz-
ng) in shaping the land surface dynamics ( Malhi et al., 2008 ; Chen et al.,
019 ; Piao et al., 2020 ). Meanwhile, the arctic tundra, African range-
and savanna, Himalayan forests, and European semi ‐natural vege-
ated areas also experienced significant greening, often through spon-
aneous woody expansion with land abandonment and climate change
s important drivers ( Macias-Fauria et al., 2012 ; Vickers et al., 2016 ;
ishra and Mainali, 2017 ; Buitenwerf et al., 2018 ; Conradi, 2018 ;
yers-Smith et al., 2020 ; Venter et al., 2018 ). In addition, both empir-
cal models and dynamic global vegetation models have showed that
iogeochemical drivers such as fertilization effects from elevated at-
ospheric CO 2 and nitrogen deposition, are also potentially important
rivers of global vegetation greening ( Piao et al., 2015 ; Zhu et al., 2016 ;
ishra and Mainali, 2017 ). The global greening trend is likely to alter
he global terrestrial water cycle, soil carbon storage, and the surface en-
rgy budget ( Pearson et al., 2013 ; Piao et al., 2015 ; Forkel et al., 2016 ).
isentangling the complexity behind the global greening trend is crucial
or our understanding of global change and therefore facilitates how we
pproach sustainable ecosystem restoration ( Hegerl et al., 2010 ). 
As the most common ice-free form of the land surface on Earth
 Fuhlendorf and Engle, 2001 ; Godde et al., 2018 ), rangelands signif-
cantly contribute to the global vegetation greening ( Archer et al.,
017 ). Rangelands are grasslands, shrublands, open woodlands, or
ther vegetation, often highly heterogeneous, grazed by livestock or
ild herbivores ( Archer et al., 2017 ). Woody expansion in range-
ands displaces herbaceous grass cover and has been widely iden-
ified in Africa, South America, and Australia ( Lunt et al., 2010 ;
onzález-Roglich et al., 2015 ; Stevens et al., 2016b ; Devine et al., 2017 ;
i et al., 2020b ), contrasting with deforestation and dieback occurring
n many forested areas ( Archer et al., 2017 ). The woody expansion
n rangelands has been driven by different social-ecological and cli-
atic factors including the elevated atmospheric CO 2 ( Bond and Midg-
ey, 2000 ; Buitenwerf et al., 2012 ), climate change (e.g., rainfall pat-
erns) ( Kulmatiski and Beard, 2013 ; Brandt et al., 2017 ; Venter et al.,
018 ; Zhang et al., 2019 ), changes in fire regimes and livestock
anagement (e.g., overgrazing) ( Daskin et al., 2016 ; Stevens et al.,
016a ), as well as land use management changes (e.g., land protection)
 O’Connor et al., 2014 ) ( Fig. 1 ). The interactions among these factors
nd the associated ecosystem activities (e.g., grazing, land cover transi-
ion, climate events) are likely to increase the uncertainty and complex-
ty behind the rangeland greening ( Fig. 1 ). There is widespread concern
hat woody expansion is likely to reduce rangeland carrying capacities
or wild and domestic large grazers ( Archer et al., 2017 ; Venter et al.,
018 ), have negative effects on biodiversity ( Bond and Parr, 2010 ), and
ay further affect ecosystem functioning (e.g., fire regimes). 
Compared to the drivers of deforestation, the drivers of woody ex-
ansion in rangelands and their interactions are complex and poorly un-
erstood ( Venter et al., 2018 ), due to the highly heterogeneous vegeta-
ion structure (e.g., stature and density) and functioning (e.g., biomass)
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dominate ecosystem type is rangeland, but the landscape harbours high 
heterogeneity in land protection levels, from fully protected nature re- 
serves (Iberá Natural Reserve, Mburucuyá National Park, and Socorro, 
Fig. 2 f-g) to unprotected rangelands and commercial forestry, and in 
ecosystem structure, with a mix of dry and temporarily flooded grass- 
lands, savanna and shrubland, woodland, as well as marshes, lagoons 
and rivers ( Zamboni et al., 2017 ). Outside Iberá Natural Reserve, tree 
plantations, cattle raising, and agriculture crop cultivation are impor- 
tant land use purposes, generating crucial economic incomes to the local 
people. Tree plantations have increasingly replaced cattle farming and 
grasslands, with negative impacts on the traditional livestock-oriented 
culture and local native biodiversity ( Holl and Brancalion, 2020 ). Crop 
cultivation (e.g. rice) also highly affects the ecosystem structure, directly 
through the vegetation change, but also through the hydraulic system- 
atization of the terrain to favor flooding, periodic movement of soil, 
and the extraction of water from the lagoons for cultivation ( Neiff and 
de Neiff, 2006 ). 
The Iberá Wetland (Esteros del Iberá) is an important component 
of this region, as a very large (~1400 km 2 ) freshwater wetland area 
and strongly affected by the nearby Yacyretá Dam, a large hydroelec- 
tric power plant on the Paraná River. The wetlands differentiate Iberá
from many other rangelands in the world, playing an important role 
in the rangeland ecosystem functioning (i.e., carbon and water cycle, 
soil decomposition) and providing crucial habitats to aquatic plants and 
animals ( Canziani et al., 2006 ). The terrain is very flat with the water 
flowing slowly through the region ( Montroull et al., 2013 ). Fluctuations 
in the water surface, in the permanent and seasonal water body, and the 
wetlands, as well as the transitions among these water-related surfaces 
and the terrestrial surface, are likely to influence the satellite observed 
vegetation dynamics ( Stow et al., 2004 ). However, the close linkages be- 
tween aquatic and terrestrial environments with permanent and tempo- 
rary inundation make it challenging to disentangle how anthropogenic 
and natural environmental factors shape the rangeland dynamics. To- 
gether with climate change, dam construction has caused a substantial 
increase in the water level in the Iberá rangeland ecosystem since 1989, 
resulting in losses of thousands of hectares of productive lands at the 
early stage ( Blanco et al., 2003 ; Canziani et al., 2006 ). 
Historically, the Iberá region suffered strong defaunation, but in the 
last decades, active restoration of the fauna has begun through increased 
protection and direct reintroductions ( Zamboni et al., 2017 ). Impor- 
tantly, the core area of Iberá has been declared a national park (1,381.4 
km 2 ) since 2016 ( Zamboni et al., 2017 ). Meanwhile, livestock grazing 
and crop farming have been significantly reduced within the natural re- 
serve after the region became protected and the surface water expansion 
that was caused by the Yacyretá Dam construction ( Bauni et al., 2015 ). 
The increased protection and active restoration are likely to affect the 
vegetation dynamics in the region. 
2.2. Land surface greening and browning trends 
Time series of annual 250-m NDVI means ( 𝑁𝐷𝑉 𝐼 ) between 2000 
and 2018 were used to quantify land surface greenness change over 
time, considering its higher and more consistent data availability than 
other satellite products e.g., Landsat ( Li et al., 2020a ). The temporal 
trend analysis was conducted based on the annual mean MODIS NDVI 
collection (MOD13Q1, 250 m, 16-day interval) using the Mann-Kendall 
(MK) test of monotonic change ( Mann, 1945 ). As a useful alternative to 
linear squares regression with low assumptions, the MK test is a rank- 
based non-parametric test ( Eddy et al., 2017 ), and is easy to calculate, 
robust against non-normality as well as less sensitive to missing values 
and outliers ( de Jong et al., 2011 ; Wang et al., 2020 ). In this study, 
the Sen’s slope for time series 𝑁𝐷𝑉 𝐼 was used to represent the vegeta- 
tion greening rate (hereafter, GR, yr − 1 , with negative values represent- 
ing browning rate), considered to be a good approximation to evaluate 
the net change throughout the studied time range. In this study, we 
set the significance level to p < 0.05 when using the non-parametric 
Mann-Kendall test to quantify greening and browning as statistically 
significant increasing and decreasing trends in 𝑁𝐷𝑉 𝐼 . Only pixels with 
statistically significant trend were used in the analysis. 
2.3. Land cover transition and mapping 
Considering the data availability, we quantified the long-term land 
cover transition based on broad-scale land cover products between 2001 
and 2018 and re-mapped the up-to-date land cover types in 2018 with 
the combined use of different satellite products at a fine scale (Fig. S1). 
Long-term land cover transition 
Broad-scale (500 m) land cover changes were mapped us- 
ing a time series of MODIS land cover product (MCD12Q1 V6, 
http://LPDAAC.usgs.gov ). A per-pixel land cover transition matrix was 
calculated to quantify transitions between the main land cover types 
between 2001 and 2018 using the software Dinamica EGO ( Soares- 
Filho et al., 2009 ). The main land cover types include evergreen needle- 
leaf forests, evergreen broadleaf forests, deciduous broadleaf forests, 
woody savannas, savannas, grassland, permanent wetlands, croplands, 
urban and built-up lands, barren, water bodies (Table S1, Fig. S2). The 
500-m map was reclassified before the calculation of land cover tran- 
sition matrix by merging all forest classes and woody savannas into a 
woodland class. 
Long-term surface water cover transition 
Fine-scale (30 m) surface water changes were mapped using the 
Landsat global surface water product ( Pekel et al., 2016 ). Reclassifica- 
tion was conducted by classifying the land cover into three main types 
(terrestrial land, permanent water, seasonal water) in the year 1985 
(shortly after the construction of Yacyretá Dam in 1983) and 2018 ac- 
cording to the definition of each surface water transition type (Table 
S2) ( Pekel et al., 2016 ). The reclassification of surface water aimed to 
capture seasonal dynamics in water coverage, which is important in this 
wetland setting, where seasonal surface water generates various vege- 
tation types, and its seasonal changes could influence greening trends. 
A per-pixel transition matrix was calculated to quantify transitions be- 
tween land and surface water between 1985 and 2018. According to the 
yearly historical layer of surface water, we counted the area of perma- 
nent and seasonal water for each year from 2000 and 2018 to describe 
the surface water’s temporal patterns. 
Latest fine-scale land cover mapping 
The Copernicus Dynamic Land Cover (CGLS-LC100) product (100 
m) in 2015 was used as the basic map of the latest land cover distri- 
bution ( Buchhorn et al., 2019 ). Compared to the coarse-scale MODIS 
land cover map, the CGLS-LC100 land cover map was produced based 
on a relatively detailed classification system but with a shorter time 
span ( Buchhorn et al., 2019 ). One obvious difference is that the CGLS- 
LC100 further differentiates the grassland and woody cover (including 
shrubland and forests) from the broad-scale savanna class in the MODIS 
product (Table S1). In order to differentiate the natural forests from 
tree plantations, we extracted all the forest cover types from the CGLS- 
LC100 map as a mask layer of the forest class. Then, the forest mask 
layer was used to extract forest areas from the MODIS NDVI time se- 
ries between 2000 and 2018. Convolution neural network classification 
with an overall accuracy of 89% was conducted based on the time-series 
MODIS NDVI pixels by classifying the forest pixels to natural forest and 
planted forest. Due to large patches of homogeneous forest pixels exist- 
ing in the study site, we selected at least 2000 sample pixels for each 
forest type across the study area assisted by the field photographs and 
historical high spatial resolution imagery from Google Earth. The se- 
lected pixels were randomly divided into 80% for model training and 
20% for independent validation. This classification was further vali- 
dated using expert knowledge of the three co-authors who possess in- 
tensive knowledge of the study site. Based on visual interpretation, tree 
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Fig. 1. Conceptual diagram showing the 
complex interactions among different social- 
ecological and climatic factors potentially 
shaping vegetation greening in rangeland 
ecosystems. The key words in the boxes rep- 
resent typical drivers of ecosystem change in 
rangelands, with the words between the ar- 
rows indicating the resulting proximate mecha- 
nisms of change. The arrows represent interac- 
tion among environmental factors (e.g., sponta- 
neous reforestation might happen after agricul- 
ture abandonment and contributes to vegeta- 
tion greening). The grey dashed lines represent 
potential interactions. The animal pictograms 
in the left corner represent the wild fauna of the 
Iberá Wetland area, some of which have been 
re-introduced to protected areas in the region 
by the Rewilding Argentina as part of restora- 
tion efforts. 
Fig. 2. Study site: (a) Iberá Ecosystem in Ar- 
gentina, South America. Typical land cover 
types include (b) Woodland; (c) Shrubland; 
(d) Dry grassland; and (e) Herbaceous wet- 
land. The study site includes three protected ar- 
eas, compring the (f) Iberá Natural Reserve (g) 
Mburucuyá National Park and Socorro. Bound- 
aries of the protected areas are overlaid on 
a digital elevation model (unit: meter). Pho- 
tographs were taken by one of the co-authors. 
plantations showed a distinctive regular geometry, closed and homoge- 
nous canopy texture, as well as time series NDVI profile compared to 
the natural forests. This imagery feature differences facilitated the au- 
tomatic differentiation of tree plantations from natural forests. For the 
surface water types, we merged the seasonal water surface information 
from the Landsat surface water map into the final land cover map as the 
up-to-date land cover status in 2018 ( Fig. S3a ). We resampled the 30-m 
surface water map to 10-m resolution and replaced the pixels of water 
class from CGLS-LC100 map by two classes provided by the reclassified 
surface water map, namely, permanent water and seasonal water. 
2.4. Ecological response to fire and weather dynamics 
The ecological response of vegetation greening to fire and weather 
dynamics were investigated by linking the MODIS-derived greening data 
to the environmental factors including fire, precipitation and tempera- 
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ture. All the environmental factors were re-sampled to a spatial resolu- 
tion of 250 m in order to be consistent with the MODIS-derived greening 
data before subsequent analysis. 
To assess the ecological response of the vegetation dynamics to 
fire, we quantified the fire frequency using the MODIS fire product 
(MCD64A1) by summing the number of fire occurrences for each pixel 
from 2001 to 2018 ( Giglio et al., 2009 ). The fire frequency (FireFreq) 
was classified into four levels according to the annual fire occurrences, 
namely, NoFire (FireFreq = 0), low level (0 < FireFreq < 2), medium 
level (2 ≤ FireFreq ≤ 6), and high level (FireFreq > 6). The distribution 
of greening and browning pixels was counted according to different fire 
frequency levels and protection status [i.e., the proportion of greening 
pixels in protected areas with high fire frequency = (Number of green- 
ing pixels in high fire frequency in protected areas) / (total number of 
pixels in high fire frequency pixels)]. 
To assess the ecological response to inter-annual weather variation, 
the capacity of the ecosystem to maintain greenness under inter-annual 
variation in rainfall/temperature (i.e., drought stress and heat stress) 
was quantified by analysing how vegetation greenness (NDVI) responds 
to annual precipitation, annual mean temperature, and how the NDVI 
anomaly responds to the anomalies of precipitation and temperature. 
We interpret this capacity as the resistance component of ecological re- 
silience ( Walker et al., 2004 ; Li et al., 2020a ). Generalized linear re- 
gression was conducted to fit the relationship between NDVI and cli- 
matic factors between 2000 and 2018 by setting a significant level of 
p < 0.05. We quantified the annual mean of total precipitation (MAP) 
from 2000 to 2018 based on a time series of annual total precipitation 
observed by the Climate Hazards Group InfraRed Precipitation with Sta- 
tion data (CHIRPS) ( Funk et al., 2014 ). The annual mean temperature 
(MAT) was quantified based on the time-series of annually composited 
temperature from the TerraClimate dataset ( Abatzoglou et al., 2018 ). 
The Mann-Kendall (MK) test was further applied to the time-series of 
annual precipitation and temperature data to quantify the precipitation 
change rate (PreRate), and the temperature change rate (TempRate), re- 
spectively. The Sen’s slope from the MK test was used to represent Pre- 
Rate and TempRate. A positive PreRate (TempRate) value represents an 
increase in precipitation (temperature), and a negative PreRate (Tem- 
pRate) represents a decrease in precipitation (temperature). 
We also investigated how vegetation greening responds to the 
weather trends by correlating the greening rate of four typical vege- 
tation types (woodland, dry grassland, seasonal surface water, and wet- 
land) to PreRate and TempRate. The woodland class was extracted as 
a union of natural forest, planted forest, and shrubland from the fine- 
scale land cover map for the year 2018. For each vegetation type, we 
randomly selected 1000 points for correlation and regression analysis, 
considering the fact that the subsequent spatial autoregressive analysis 
is very computation-consuming. We used ordinary least-squares (OLS) 
regression and simultaneous autoregressive (SAR) models to statisti- 
cally quantify the spatial relationships of woody vegetation greening 
rate to the three environmental factors (FireFreq, PreRate, and Tem- 
pRate), with the standardized greening rate as the response variable and 
the environmental factors as the explanatory variables. The SAR model 
was applied to account for spatial autocorrelation, while also quantify- 
ing the contributions from different environmental factors ( Kissling and 
Carl, 2008 ; Sandel and Svenning, 2013 ). The regression models’ stan- 
dardized coefficients represent the relative influence of the explanatory 
variables on the greening rate. We fit an error SAR model based on a 
connectivity matrix with a distance criterion within 30 km that best re- 
moved the spatial autocorrelation from the model residuals according 
to the computed correlograms. The SAR analysis was conducted using 
the spatial analysis macroecology (SAM) software ( Rangel et al., 2010 ). 
The significance level of the coefficients for the OLS and SAR models 
was quantified by the p value. 
3. Results 
3.1. Land surface greening and browning trends 
Like many other areas, Iberá has experienced a general greening 
trend. The MODIS NDVI time-series between 2000 and 2018 showed 
that about 31% of the pixels (~13964 km 2 ) experienced significant 
trends in Iberá, with 62% of these revealing greening and 38% browning 
( Fig. 3 ). Distinct spatial patterns in pixels with significant greening and 
browning were found both in protected and unprotected areas ( Fig. 3 
& Fig. 4 a), mainly contributed by herbaceous wetland, grassland, and 
natural forest ( Fig. 4 b). Spontaneous natural forest greening within the 
protected areas after agriculture abandonment and cattle removal over- 
weighed anthropogenic afforestation in the unprotected area ( Fig. 4 c). 
Conversely, browning also occurred in protected and unprotected areas, 
especially in dry grassland and wet herbaceous wetland ( Fig. 4 d). The 
increase of seasonal water in the herbaceous wetland is the main cause 
for the satellite-observed browning in the protected areas, while the fire 
in unprotected grassland is the overall main contributor. 
3.2. Land cover transitions 
The greening trend is highly associated with land cover transitions. 
The coarse-scale (500 m) MODIS land cover maps showed that approx- 
imately 15% of the entire Iberá (~6855 km 2 ) experienced land cover 
transitions in the past 19 years, with a significant loss of savannas that 
transited to grassland, wetland, and forests ( Fig. 5 a). The lost savannas 
were replaced by the obviously increased forest patches, which started 
from 2004 outside the protected areas and started from 2012 by the 
western border within the Iberá Natural Reserve (Fig. S2), with 37% 
contributed by tree plantations and the remaining 63% by spontaneous 
woody expansion (Fig. S3a). Significant transitions among surface water 
and terrestrial land were observed between 1985 and 2018 (occupying 
8% of the entire region), with the main transition being from terres- 
trial land to seasonal surface water ( Fig. 5 b), with an increase of 2537 
km 2 observed mainly within the protected areas. The permanent sur- 
face water increased by 367 km 2 due to the significant transition from 
terrestrial land ( Fig. 5 b). The surface water has become more fluctuat- 
ing and seasonal with “permanent seasonal ” and “ephemeral seasonal ”
water surface occupying more than half of the total surface water transi- 
tions (Fig. S4a). The water occurrence history shows that the permanent 
water began to stabilize while the seasonal water has been significantly 
increasing since 2000 (Fig. S4b). However, the increasing trend of sea- 
sonal water areas is highly associated with the general increase of pre- 
cipitation (Fig. S5a). 
3.3. Ecological response to fire and weather dynamics 
Widespread fire occurrences have been observed across Iberá
( Fig. 6 a,b). Regardless of land protection, higher proportions of greening 
areas are associated with lower fire frequency, while higher proportions 
of browning areas are associated with higher fire frequency ( Fig. 6 c). For 
all the fire frequency levels, protected areas showed relatively lower 
greening and browning proportions. Inside the protected areas, there 
are more browning in unburnt areas compared to low/medium fire fre- 
quency. The burned areas peaked in 2005 and then kept a significant de- 
creasing trend (Fig. S5b). The temporal changes in burned areas showed 
a nonlinear relationship with climatic factors (Fig. S5c,d). 
High inter-annual variation of precipitation and significant increase 
of annual temperature were observed in Iberá ( Fig. 7 a,b). Both NDVI 
and its anomaly were significantly correlated with the annual precip- 
itation and its anomaly throughout the 2000–2018 period ( Fig. 7 c,e). 
However, no significant correlations were observed between the annual 
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Fig. 3. Temporal vegetation dynamics (greening/ browning) based on NDVI in Iberá. (a) Map of NDVI change rate (yr − 1 ) between 2000 and 2018. NDVI 
change rates were estimated using the Theil-Sen estimator, a robust estimator of linear change. NDVI change rate maps in protected areas. (b) Zoomed in maps of 
Mburucuyá National Park and Socorro. Geo-located photographs (taken by one of the co-authors) show the examples of greening and browning spots. 
Table. 1 
Regressions describing the importance of fire frequency and the weather 
trends for the greening rate in woodland. Standardized coefficients were 
derived from ordinary least-squares (OLS) regression model and simulta- 
neous autoregressive (SAR) model. Response variable: woody vegetation 
greening rate (2000-2018). Explanatory variables: fire frequency (Fire- 
Freq), precipitation change rate (PreRate), and temperature change rate 
(TempRate). R 2 represents variation in coefficients. ∗ p < 0.05, ∗ ∗ p < 
0.001. 
Independent Variable Standardized Coefficients R 2 (N = 1000) 
Ordinary Least Squares (OLS) Model 
FireFreq -0.083 ∗ ∗ R 2 = 21%; p < 0.001 
PreRate 0.225 ∗ 
TempRate -0.262 ∗ ∗ 
Simultaneous Autoregressive (SAR) Model 
FireFreq -0.064 ∗ ∗ R 2 = 38%; p < 0.001 
PreRate 0.075 ∗ 
TempRate -0.21 ∗ ∗ 
mean NDVI and temperature, nor their anomalies ( Fig. 7 d,f) although a 
more significant increasing trend on temperature was observed ( Fig. 7 b). 
Vegetation greening in Iberá was correlated with the weather trends. 
The greening rate in woodland was positively correlated with precipi- 
tation change rate and negatively correlated with temperature change 
rate, and the opposite relations in the wetland ( Fig. 8 a,b,e,f). Grassland 
greening showed no correlation with the weather trends ( Fig. 8 c,d). A 
simultaneous autoregressive model (SAR) explained 38% of the spatial 
pattern of changes in woody vegetation greening rate in terms of fire 
frequency, change rates in precipitation, and temperature ( Table 1 ). 
The coefficients of the SAR modeling show that weather variation con- 
tributed relatively more to woody greening than fire. 
4. Discussion 
4.1. Complexity behind land surface greening 
Our results showed that more than one-third of Iberá experi- 
enced significantly monotonic trends of greenness change. The green- 
ing dominated over browning (62% vs 38% of pixels), with the green- 
ing/browning patterns related to the heterogeneous land cover and asso- 
ciated transitions. One of the most common land cover changes was the 
conversion of savannas to grassland, wetland, and forests, with green- 
ness changes associated with transitions to forest and grassy covers. 
Grassland and herbaceous wetland showed greater dynamics in green- 
ing trends than other vegetation types, likely due to their close link- 
ages to the water supply from the seasonal fluctuations in surface water 
or the inter-annual rainfall changes ( Montroull et al., 2013 ). Signifi- 
cant increases in surface water tended to cause a significant decrease of 
satellite-observed greenness of herbaceous covers in the protected land, 
likely reflecting a loss of terrestrial vegetation cover. The increase of per- 
manent surface water is likely or at least partially linked to the construc- 
tion of the Yacyretá Dam in the northeastern border of the Iberá natural 
reserve, operating since 1994 ( Canziani et al., 2006 ). Although areas of 
permanent water, including rivers, lakes, and reservoirs did not change 
much since 2000, seasonal surface water near permanent water has be- 
come more fluctuating, likely linked to climate dynamics and anthro- 
pogenic dam infrastructure, illustrating high sensitiveness of wetlands to 
environmental change ( Vörösmarty et al., 2000 ). The damming is likely 
to cause a significant loss of terrestrial and riparian plant communities, 
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Fig. 4. Greening and browning in vegetation types in Iberá. (a) Boxplot depicts greening and browning pixels within different vegetation types grouped by 
land protection status (protected and unprotected) for the entire Iberá. (b) Proportions of greening and browning pixels for each vegetation type. (c) Proportions of 
greening pixels and (d) browning pixels for each vegetation type grouped by land protection. 
as it fragmented and transformed water flows in the freshwater Iberá
ecosystems ( Bauni et al., 2015 ). Increasing water seasonality may be 
closely linked to climate dynamics, e.g., more frequent raining seasons 
caused by El Niño ( Holgerson and Raymond, 2016 ). The increase in sur- 
face water has likely affected greening through an inundation-induced 
decrease of satellite-observed grassy vegetation greenness. For instance, 
much aquatic vegetation shows increased greenness (seasonal greening) 
when surface water level is low at dry season, but decreased greenness 
(seasonal browning) when submerged during the wet season. This illus- 
trates the complexity of factors that may drive greening or browning 
trends in a complex rangeland landscape. 
Our results also showed widespread woody greening in the protected 
and unprotected areas, associated with industrial tree plantations out- 
side protected areas and spontaneous woody regrowth after land aban- 
donment and cattle removal both inside and outside protected areas 
( Canziani et al., 2006 ; González-Roglich et al., 2015 ). Overgrazing in 
livestock areas can also cause woody expansion ( Anadón et al., 2014 ), 
e.g., acacia filled livestock areas at the south border of Iberá (per. obs). 
The tree plantations tended to form patches with a more homogenous 
greening rate than the natural forests and other vegetation types, mak- 
ing them more easily identified from the satellite signals across time. 
Although tree plantations significantly contributed to ecosystem green- 
ing, such afforestation is highly negative for biodiversity in savanna 
ecosystems and negatively affects the functioning of rangelands for live- 
stock production, and hence, it may have negative social effects locally 
( Veldman et al., 2015 ; Fernandes et al., 2016 ; Bond et al., 2019 ). 
Greening from spontaneous woody expansion occurred on a larger 
scale compared to the greening from tree plantations, but at vary- 
ing rates. The significant positive/negative correlation between woody 
greening rate and annual precipitation/temperature variation rate sug- 
gests that rapid changes in precipitation and cool climate conditions are 
likely to intensify woody densification and expansion in Iberá. Such sig- 
nificant correlations provide an important contrary example to recent 
global-scale study which found no correlation between woody cover 
change rates and rates of climate change across tundra and savanna 
biomes ( García Criado et al., 2020 ). The close linkages of climate dy- 
namics to surface water dynamics may also indirectly contribute to 
woody greening by changing forest hydrological processes, including 
water supply intercepted by forest canopy and belowground soil ab- 
sorption ( Putuhena and Cordery, 2000 ; Feng et al., 2016 ; Zeng et al., 
2020 ). Large-scale tree plantations also require high water supply (e.g., 
via artificial canals), which may dry up nearby grasslands and wet- 
lands, thereby possibly altering local and regional hydrological cycles 
( Fernandes et al., 2016 ). Inter-annual weather variation tended to non- 
linearly influence fire occurrence (Fig. S5c,d), potentially involving an 
interplay with fire management ( Wei et al., 2020 ), e.g., fewer fires ig- 
nited by people when there are widespread wildfire in warmer years. 
Such interplays between weather variation and human fire management 
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Fig. 5. Land cover transitions in Iberá (a) Transitions among all land cover types observed from coarse-resolution (500 m) MODIS satellite between 2001 and 2018 
(considering data availability) shown in Fig. S2. The woodland is a mixture of all types of forests and woody savannas (Table. S1). (b) Transition among water-related 
surfaces (permanent water, seasonal water) and terrestrial land observed from fine-resolution (30 m) Landsat satellites between 1985 and 2018. The water-related 
surfaces and land cover transition map was produced by reclassifying the Landsat surface water product (Fig. S3b). The transition matrices were calculated based 
on the number of pixels converted to the area unit in km 2 . The numbers in the ticks represent the area in km 2 . The total area of the land cover types in transition is 
6855 km 2 , occupying 15% of the entire study site. The total area of transitions among water-related surfaces and terrestrial land is 3648 km 2 , occupying 8% of the 
entire study site. 
could further shape vegetation greening, pointing to high complexity 
behind the observed rangeland greening involving interactions among 
local drivers. 
Spontaneous woody expansion to some extent represents an expan- 
sion of natural forests and shrubland and therefore has positive effects 
on biodiversity ( Cabral et al., 2003 ), but if expansions occur broadly 
across naturally semi-open savanna areas ( Bernardi et al., 2016 ), due 
to loss of natural herbivory and fire regimes their effects turn nega- 
tive for biodiversity ( Guido et al., 2017 ). Maintaining high heterogene- 
ity in rangelands will help to promote higher biodiversity, and habitat 
quality grazed by wildlife and livestock ( Fuhlendorf and Engle, 2001 ; 
Macias et al., 2014 ). Hence, land owners should reconsider conventional 
homogeneity-based rangeland management as it may deteriorate live- 
stock production and sustainability ( Holechek et al., 1998 ; McCollum III 
et al., 1999 ). 
4.2. Ecological response to land protection, fire and inter-annual weather 
variation 
Our results showed that grassland was the dominant land cover type 
that showed significant greening and browning regardless of land pro- 
tection. The most widespread grassland browning was found in unpro- 
tected land, suggesting not only great seasonal greenness changes but 
also potential ecosystem degradation there, likely reflecting high graz- 
ing pressure from livestock ( Godde et al., 2018 ; Li et al., 2020a ; Li et al., 
2020b ). High grazing intensity keeps the grass in a short and open mixed 
with bare ground, leading to reduced greenness. This likely challenge co- 
existence between livestock and native herbivores through competition 
for food. The creation of the Iberá Natural Reserve helped reduce cattle 
grazing pressure and poaching in Iberá ( Canziani et al., 2006 ) and, to 
some extent, recovered habitats for endangered wildlife, including capy- 
baras ( Hydrochoerus hydrochaeris ), marsh deer ( Blastocerus dichotomus ), 
and caimans ( Zamboni et al., 2017 ). Grassland greening also occurred 
in a certain scale across the study site both in the protected and unpro- 
tected areas, providing promising feedback to the call for sustainable 
livestock management practices that aimed to be conducted in Iberá. 
In addition to livestock grazing pressure, grassland greening and 
browning were also linked to fire, partly reflecting fire as an important 
natural process in Iberá, but even more so active use of fire in rangeland 
management in both unprotected and protected areas, like many other 
rangelands across the world. The Iberá Natural Reserve and its surround- 
ing areas were historical livestock areas where fire has been used as a 
common practice to manage pastures. Ranchers, for example, use fire to 
promote growth of new grass for livestock consumption, as rangeland 
vegetation often to a large extent is composed of grasses that become 
more unpalatable with size and age (e.g., Coleataenia prionitis ), and pro- 
duction of new leaves after fire favours the livestock (pers. obs.). Thus, 
frequent fire is likely to result in vegetation browning by causing a sud- 
den loss of photosynthetic foliage ( Myers-Smith et al., 2020 ; Piao et al., 
2020 ). Fire in the unprotected areas is ignited to keep the grass short 
as livestock prefer higher nutrient concentrations in short, repeatedly 
grazed grass ( Bhola et al., 2012 ). Fire occurrences showed significant 
contribution to the vegetation greening in Iberá by removing biomass 
including a significantly negative contribution to the woody greening 
( Table 1 ). 
Unlike fire in unprotected areas, fire in the protected areas is ignited 
to protect the rangelands from the invasion of shrubs, and the accu- 
mulation of flammable biomass that could cause wildfires (pers. obs.) 
( Fig. 6 a). However, recurring fires may also decrease habitat quality for 
wildlife ( Durigan and Ratter, 2016 ; Abreu et al., 2017 ). For the protected 
areas, fire management is often considered as a necessary management 
tool ( Kunst, 2011 ), although the role of fire relative to other factors such 
as grazing and browsing by wild herbivores under natural conditions is 
often not well understood due to centuries’ of burning and defaunation. 
The satellite observations showed that burned areas decreased in Iberá
since 2005, likely reflecting anthropogenic fire management in the re- 
gion (i.e., a provincial law on fire management approved in 2006, Prov. 
Law 5590), and also reduced fire in protected areas compared to when 
they were formerly used for livestock. Further, the increase of flooded 
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Fig. 6. Greening and browning distribution along fire frequency and land protection status (protected and unprotected) in Iberá. (a) Photos showing the 
fire in the protected Mburucuyá Park in 2017 (taken by one of the co-authors). (b) Fire occurrence frequency map observed by MODIS satellite between 2001 and 
2018 (considering data availability). (c) Proportions of greening and browning pixels for different fire frequency levels (NoFire: FireFreq = 0; Low: 0 < FireFreq < 2; 
Medium: 2 ≤ FireFreq ≤ 6;High: FireFreq > 6). The proportion was calculated relative to the total pixels by fire frequency level [i.e., the proportion of greening pixels 
in protected areas with high fire frequency = (Number of greening pixels in high fire frequency in protected areas) / (total number of pixels in high fire frequency 
pixels)]. 
areas might also reduce the capability or need to burn grasslands. Our re- 
sults showed that unprotected areas continue to experience widespread, 
frequent fires, which are linked to browning, likely reflecting ecosys- 
tem degradation ( Abreu et al., 2017 ). Inside the protected areas, there 
is more browning in unburnt areas compared to low/medium fire fre- 
quency, likely reflecting build-up of senescent herbaceous vegetation 
due to low levels of herbivory. 
The Iberá experienced high inter-annual variation of precipitation 
and a significant increase in annual temperature in the last two decades, 
consistent with the fact that the global savanna biome has been ex- 
periencing rapid climate changes ( Hoegh-Guldberg et al., 2018 ). The 
inter-annual weather variation seemed to contribute to the widespread 
vegetation greening along with intra- and inter- vegetation cover tran- 
sitions, by increasing vegetation productivity in wet years with longer 
growing season and decreasing evaporation with more soil moisture in 
cool years. The positive correlation between overall vegetation green- 
ness and annual precipitation and their anomalies and their change rates 
suggests that greenness is highly driven by inter-annual weather fluc- 
tuations. The relatively higher correlation between vegetation green- 
ness and precipitation than temperature suggests that climate-induced 
changes in water availability have a strong role in shaping rangeland 
ecosystem dynamics ( Sloat et al., 2018 ). The correspondence between 
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Fig. 7. Inter-annual weather dynamics and associated relationship with NDVI in Iberá between 2000 and 2018. (a) Annual total precipitation. (b) Annual 
mean temperature. Scatter plot depicts the relationship of annual mean NDVI with (c) annual total precipitation and (d) annual mean temperature. Scatter plot 
depicts the relationship of annual NDVI anomaly with (e) annual precipitation anomaly and (f) annual temperature anomaly. r represents the Pearson’s correlation 
coefficient at a confidence of 95%. The dashed line represents the fitted line from generalized linear regression. 
greening rate of woody and water-related grassy vegetation and inter- 
annual weather trends suggest that these vegetation types will be highly 
responsive to climate change, with vegetation growth responding to ex- 
ternal climatic factors ( Wu et al., 2015 ). In contrast, the weak correla- 
tion between greening rate and inter-annual weather trends for the dry 
grasslands likely reflect an overwhelming influence of anthropogenic 
fire regimes and livestock grazing pressure in these areas, as discussed 
above. 
4.3. Implications for ecosystem biodiversity restoration and sustainability 
In summary, the Iberá Wetland region has experienced an overall 
greening trend in the last decades, like many other regions ( Piao et al., 
2015 ; Myers-Smith et al., 2020 ; Li et al., 2020b ), with complex land 
cover dynamics and multiple drivers underlying this pattern. Land man- 
agement practices including anthropogenic fire regimes, livestock graz- 
ing, and conservation protection, emerged to synergistically shape vege- 
tation dynamics in Iberá in interaction with climate dynamics and dam- 
induced hydrological changes, e.g., annual mean flow and cycle of the 
neighbouring Paraná river and lake water level ( Montroull et al., 2013 ). 
We found widespread loss of savannas alongside an increase of wetlands 
and woody densification partly driven by the expansion of industrial 
tree plantations and partly by spontaneous woody expansions in terres- 
trial lands. These woody densification patterns primarily drove greening 
alongside the expansion of herbaceous wetland vegetation. The impli- 
cations for biodiversity and society are complex. Given the region’s rich 
savanna biodiversity and the role of livestock in the local culture, the 
general loss of savannas is clearly negative. The expansion of wetland is 
positive for aquatic biodiversity, also rich in the region ( Zamboni et al., 
2017 ), but still negative for terrestrial biodiversity, and extra problem- 
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Fig. 8. Relationship between vegetation greening rate and weather trends. Scatter plot between greening rate and annual precipitation change rate (a), (c), (e), 
and greening rate and annual temperature change rate (b), (d), (f). The vegetation cover types are obtained from the fine-scale reclassified map, including woodland 
(a, b), grassland (c, d), and herbaceous wetland (e, f). r represents the Pearson’s correlation coefficient at a confidence of 95% ( p < 0.05). The dashed line represents 
the fitting line from generalized linear regression. 
atic in particularly affecting the protected areas. For instance, a sig- 
nificant loss of terrestrial and riparian plant communities was caused 
by the anthropogenic damming ( Bauni et al., 2015 ). The expansion of 
industrial tree plantations is clearly negative for biodiversity and lo- 
cal livestock-oriented culture, while the spontaneous woody expansion 
is likely to have more nuanced effects. A certain level of woody ex- 
pansion can be seen as constituting recovery and would likely promote 
biodiversity overall. However, it would become negative if it broadly 
displaces semi-open and open vegetation, highlighting the importance 
of ensuring recovery of natural fire and herbivory regimes in the pro- 
tected areas —in line with the active rewilding activities in parts of Iberá
since 2007 ( Zamboni et al., 2017 ) —along with sustainable rangeland 
management promoting heterogeneous vegetation elsewhere. Our study 
highlights the need to carefully assess the nature of observed general 
greening patterns and avoid simplistic interpretations. 
5. Conclusion 
As the most dominant ice-free land cover, rangelands play a crit- 
ical role in global environmental changes by contributing to multiple 
ecological processes across spatial and temporal scales and responding 
to complex, interacting natural and anthropogenic drivers. There are 
widespread reports of greening in rangelands globally ( Archer et al., 
2017 ; Devine et al., 2017 ; Li et al., 2020b ), with a relatively poor un- 
derstanding of the drivers and the ecological and social consequences 
( Li et al., 2020b ). The present study addressed the need to understand 
the complexity behind the reported greening trends, notably whether 
they represented environmental recovery or degradation based on the 
case of the highly heterogeneous Iberá Wetlands region in South Amer- 
ica. It showcases how the high complexity behind the observed global 
greening trends can be unpacked and, further highlights the importance 
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of doing so, as the greening may not necessarily reflect ecosystem re- 
covery, but can also result from land use intensification and associated 
loss of natural habitats. This is clearly seen here from the strong con- 
tribution of industrial tree plantations to the overall greening trend, 
i.e., a development that represents a threat to both the biodiversity 
and the livestock-oriented culture in this region. Hereby, our study 
highlights how detailed remote sensing-based analysis at the landscape 
level can be used to critically assess the drivers and the implications 
of the global greening trend. Many of the results of our study were ob- 
tained using diverse sources of satellite remote sensing products with a 
strong support from local collaborators for interpretation of the results. 
However, we would suggest that future research should consider addi- 
tional field-based measurements on the vegetation structure and cov- 
erage into account. Spontaneous vegetation dynamics, partly involving 
spontaneous woody expansion, also contribute to the greening trend and 
have more nuanced implications ( Fernandes et al., 2016 ; Guido et al., 
2017 ; Bond et al., 2019 ). Notably, such natural woody expansion has a 
positive potential for biodiversity and ecosystem services, but can be- 
come negative in this natural savanna region if expansions develop on a 
too broad scale ( Guido et al., 2017 ), highlighting the importance of en- 
suring recovery of natural fire and herbivory regimes in protected areas 
along with sustainable rangeland management elsewhere. 
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